We demonstrate integration of an amorphous silicon photodetector with thin film lithium niobate photonic platform operating in the visible wavelength range. We present the details of the design, fabrication, integration and experimental characterization of this metal-semiconductor-metal photodetector that features responsivity of 22 mA/W to 37mA/W over the wide optical bandwidth spanning 635 nm to 850 nm wavelengths range.
Integration of various photonic components on a single chip, including light sources and detectors, is a critical route towards realization of dense photonic integrated circuits (PIC) [1] . These are of interest not only for traditional applications in data-and tele-communications, but also for applications in imaging, metrology, biosensing, nanomedicine and quantum optics that typically require operation in the visible wavelength range [2, 3] . For decades, lithium niobate has been considered to be an optimum optical material due to it large second order (χ-2) electro-optic coefficient and excellent wideband optical transparency (400 nm 4,000 nm). However, traditional LN photonic structures, created by ion exchange or metal in-diffusion, suffer from the low refractive index contrast, resulting in a large cross-section of the photonic structures thus making the dense integration difficult. Recently, thin film lithium niobate on insulator (LNOI) substrates[]4] have become commercially available, which combined with advances in nanofabrication has enabled realization of ultra-low loss waveguides and high-performance electro-optical (EO) devices both at telecom [5, 6] and visible wavelengths [7] . Integration of photodetectors (and eventually laser sources) with LNOI photonic platform is an important, and currently missing, step that could lead to implementation of complex functionalities [8] using this emerging PIC platform. Indeed, opportunities offered by integration of detectors with lithium niobate have been explored before [9, 10] albeit using traditional, bulk crystal based, in-diffused LN waveguides with low optical confinement and large mode size. This results, among other things, in large detector area thus limiting the response time of the photodetector. In this paper, we demonstrate monolithic integration of broadband Metal-Semiconductor-Metal (MSM) photodetector for visible wavelengths in thin film LNOI photonic platform.
Over the past decade, significant advances have been made along the lines of integration of semiconductor photodetectors with photonics platforms operating in the visible wavelength range, motivated by envisioned applications in bio-sensing and imaging [11−15] .Compared to PN or PIN junction-based photodetectors used in these experiments, MSM [16, 17] junction-based photodetector described in this work is relatively simple to implement since it does not require dopant implantation [16, 17] . Still, MSM photodetectors can have a high responsivity, low capacitance, low dark current and high operation speed comparable to, and even better than, modern PN or PIN photodetectors [16, 17] . Previously, such type of a-Si photodetector at visible wavelength was demonstrated [18] in sputtered glass waveguides back in 1988. A schematic of our integrated MSM photodetector is shown in Fig.1 . It consists of thin layer of amorphous silicon (a-Si) deposited on top of LN waveguide, with a pair of gold electrodes on top of it. Photons at visible wavelength, propagating down the LN waveguide, are absorbed in the a-Si layer, and generated electron-hole pairs are separated by voltage applied across the MSM junction giving rise to a photo-current.
The most important parameter which directly affects the performance of the proposed photodetector is a thickness of a-Si absorption layer. A very thick a-Si layer ensures that all the optical power propagating in the waveguide is effectively absorbed, but transport and collection of generated photocarriers becomes more challenging due to recombination processes. On the other hand, if a very thin layer of a-Si is used, optical field can have significant overlap with metal electrodes which may result in unwanted ohmic losses. Though, it is important to note that interaction of optical energy with a metal contact can also contribute to the generation of electron-hole pairs due to internal photoemission effect [19, 20] (generation of hot carriers).
Our rib LN waveguide has a dimensions of 800x300nm arXiv:1910.04685v1 [physics.app-ph] 6 Sep 2019 and can support both fundamental transverse electric (TE) and transverse magnetic (TM) modes as shown in Fig.2 (a) and Fig.2 (c) respectively. The corresponding TE and TM modes of photodetector structure are shown in Fig.2 (b) and Fig.2(d) respectively. In order to find an optimal thickness of absorption a-Si layer we have performed a detailed study of optical absorption length and parasitic Ohmic loss in the metal as a function of the a-Si layer thickness, for both polarizations of interest. Using a 3-dimensional (3D) FDTD simulation (Lumerical. Inc.) we calculated the total absorption length (defined as distance where the incident power drops to 1/e) and a contribution of optical absorption in the metal (due to ohmic losses) for several a-Si layer thicknesses, for both fundamental TE and TM modes at wavelength of 635nm. The permittivity of gold material is based on data from Johnson and Christy [21] . The simulated results are summarized in Fig.2 (e) and Fig.2 (f) respectively. For a thickness of a-Si below 50nm, both TE and TM modes have a very high metal loss (more than 50% ) making such thin semiconductor layer ineffective for realization of MSM detector. For the TE mode and moderately thick semiconductor layer (above 100nm) the optical absorption in the metal region can be neglected (less that 5% ) and the total absorption length was found to be below 10µm. For the TM mode the loss in the metal region of the detector was found to be relatively high (∼ 10% ) even for a relatively thick a-Si layer of 300nm. Such big difference in the metal-induced optical losses in the case of TE and TM modes can be explained by different boundary condition at the semiconductor metal interface. We choose to work with 100nm thick a-Si layer, and have calculated the coupling efficiency between the low-loss LN waveguide and a photodetector to be 89%. A cross section sideview of optical simulations for the optimal parameters is shown in Fig.2(g) . The reflected and scattered amount of optical power was found to be 7% and 4% , respectively. These numbers can be further decreased by introducing an adiabatic tapering transition section between LN waveguide and the photodetector. The absorption length of the photodetector was found to be 6 µm.
The electrical bandwidth of MSM photodetector can be limited by the capacitance of the electrodes : C = ε 0 ε aSi Lt d or by carrier collection time [22] τ collect = d v sat aSi . Here, ε 0 is the vacuum dielectric constant, the ε aSi relative dielectric constant, v sat aSi the a-Si carrier saturation velocity, L the photodetector length, d the distance between the electrodes, and t the photodetector thickness. For a 1 µm distance between the electrodes, the capacitance of the photodetector was calculated to be 0.5fF, resulting in the RC time constant of 25ps (for 50Ω load). The saturation velocity of a-Si layer strongly depends on deposition/annealing parameters used during the fabrication process. Here, we assume carrier collection time of our detector to be on the order of nanosecond, based on previously reported value for saturation drift velocity of 8.5x105cm/V [23] (and taking into ac- count the detector geometry).This value of carrier collection time in our a-Si MSM photodetectors is similar to the values previously reported [24] .
Our devices were fabricated on LN-on-insulator (LNOI) chips with 300nm X-cut LN layer on top of 2-µm thick thermally grown silicon dioxide layer (NanoLN). First, the photonic structures were defined in electronbeam resist by using an electron beam lithography tool (Elionix) and then the pattern was transferred into the LN layer by using Ar+ plasma based reactive ion etching (RIE) tool (etch depth of 250nm). Next, the devices were covered by 1-µm silicon dioxide layer by using plasmaenhanced chemical vapor deposition (PECVD) tool (for optical and electrical insulation) and detector areas were opened by using optical photolithography step followed by RIE of silicon dioxide. Next, the absorption layer of p-doped a-Si was deposited on top of the photonic devices using PECVD followed by a rapid thermal processing (RTP). Next, a-Si was patterned and removed from the chip except the active areas of photodetector by using additional photolithography step and RIE. Finally, gold electrodes were formed by using photolithography and metal lift-off process. After the fabrication, the waveguides facets where diced and polished. A falsecolor Scanning Electron Microscope (SEM image of the fabricated device is shown in Fig. 3 . The detectors are 6 µm long. The LN waveguide cross-section is 800x300nm and the electrodes are 2 µm wide, with 1 µm spacing between them.
In order to experimentally characterize the photoelectric response of our detectors, we coupled a TE polarized 635 nm light (from tunable New Focus Velocity laser) into our waveguide. End-fire coupling technique with a lensed fiber with 1µm spot size (Oz Optics) was used. Coupling efficiency was estimated to be 10 dB/facet. We note that this can be significantly improved using recently demonstrated spot-size converters [25] . Propagation waveguide loss was estimated to be 0.6 dB/cm by measuring the quality factor of a reference microring resonators fabricated on the same chip (Q ∼ 400000). Next, we measured a I-V characteristic of the integrated photodetector (SMU Keithley 2400) for different in-coupled optical powers, as shown in Fig. 4a . The responsivity of the integrated photodetector was found to be 22mA/W at 635 nm wavelength, with dark current of 0.1nA. This value is comparable to previously reported values [18, 26] in the case of integrated -Si photodetectors. It should be noticed that while the responsivity of our a-Si detector is about an order of magnitude lower than commercial Si and InGaAs detectors [R(630nm)=0.5A/W R(630nm)=0.2A/W, respectively], our approach offers the important advantages of simplicity and on-chip integration with LN platform. Finally, we measured a responsivity of the photo-detector as a function of a wavelength in 720−850 nm range using a M2 SolsTis tunable laser. Fig.4b shows an average spectral response of 5 different detectors over this wide wavelength range and the error bars represent the standard deviation from the average. The maximum responsivity of 37mA/w was achieved at wavelength of 850nm. This is expected since the responsivity of a photodiode (PN, PIN or MSM) typically increases at longer wavelengths according to R = η e hυ where hυ is the photon energy, η is the quantum efficiency, and e the elementary charge. At the longer wavelengths (above the bandgap of a-Si) we would expect an abrupt decrease in the responsivity. The exact value of the bandgap of a-Si is strongly dependent on a deposition conditions and techniques and can be varied between 1-3.6eV [27, 28] . To estimate the bandgap of our a-Si we have fabricated a reference sample by depositing a 1 µm thick film of a-Si layer on top of glass quartz substrate. Next, we measured the transmittance spectrum of the a-Si film by Agilent Cary 60 UV/VIS spectrophotometer. Finally, using a Tauc plot [29] we estimate the bandgap of our a-Si to be 1.4eV. The responsivity of our photodetector is also strongly dependent on the quality of the a-Si layer. Material defects such as morphology imperfection, voids and grain boundaries can causes to unwanted scattering of the light that will decrease the optical absorption and decrease the responsivity.
Next, we evaluated the temporal-response of a-Si integrated photodetector by directly modulating the tunable laser using signal at frequency of 10kHz. The detected electrical signal from the photodetector was amplified by trans-impedance amplifier (TIA) (AD8488 [30] amplifier with expected cut-off frequency at 10MHz) and displayed on an oscilloscope (Fig.4c) . The electrooptical bandwidth of our detector was measured using vector network analyzer (VNA). The laser was modulated by VNA and the detected electrical signal was amplified by TIA. Fig.4d shows a normalized (relative to the coaxial cable loss) frequency response of our photodetector with a 3dB roll of frequency of 10MHz, limited by the cut-of frequency of TIA (shown by red line). While low, this bandwidth is sufficient for several on-chip applications of interest, including power monitoring, frequency-modulation spectroscopy [31] , and PoundDreverHall laser-locking technique [32] . By further optimization of the deposition conditions of the a-Si layer or leveraging commercially available polysilicon deposition foundries, it may be possible to realize a high speed (tens of GHz) optical integrated a-Si photodetector. For example, such high-speed photodetectors have been previously demonstrated with hydrogenated a-Si layer [33, 34] . This would in turn enable additional applications in visible light communication [35] and ultrafast optical characterization [36] .
Finally, we integrated our a-Si photodetector with microring resonator device as shown in Fig.5a . In this case, the length of photodetector was chosen to be 5 µm in order to allow for only partial absorption of the optical energy, about 50 % in our case. The remaining optical energy was transmitted through the photodetector and was collected by lensed fiber and detected using the commercial photodetector (PDA36A, Thorlabs, Responsivity 0.65A/W) for comparison measurements. The spectral response of our integrated device was measured using tunable laser, and results are shown in Fig. 5b . Fig. 5b shows a transmission spectrum of the fabricated microring resonator measured with both integrated a-Si photodetectors and commercial photodetector. By fitting the experimental result to a Lorenzian function we estimated a loaded Q factor of fabricated microring resonator to be 1.5 × 10 5 The value of quality factor is lower than previously reported values [7] due to non-optimized waveguide dimensions and additional high temperature (700C) fabrication steps needed to realize the detector [37] including a-Si deposition and rapid thermal processing (RTP). The measured spectral photo-response of integrated photodetector is in good agreement with the results obtained using commercial photodetector. The high spectral selectivity of the integrated photonic device that consist of microring resonator filter and the a-Si integrated photodetector makes it a good candidate for realization a large variety of devices for detection and sensing application such as integrated spectrometers [38] and bio-sensors [11] .
In conclusion, we have demonstrated an integrated a-Si photodetector in LN photonic platform at visible wavelengths. Responsivity of 37mA/W was measured at wavelengths of 850nm, which is the primary wavelength for multimode fiber optical communication systems based on Vertical-Cavity Surface Emitting Laser (VCSEL). The operating bandwidth of integrated photodetector was measured to be 10MHz, limited by transimpedance amplifier we used. Additionally, we have demonstrated a wavelength selective detection by monolithically integrating photodetector with a microring resonator with quality factor of 150,000. Furthermore, using a different materials (e.g. germanium) for the absorption layer with different energy bandgap it will possible to enhance the bandwidth of the photodetector toward infrared and mid infrared spectral window. Another promising approach for realization a broadband and high speed integrated photodetectors is to use emerging 2d materials [5, 39] . We believe that integrated LN photonic platform will become a promising candidate for realization of multi-element monolithic photonic circuits.
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